The objective of this study was to determine if a sulfur binder, bismuth subsalicylate (BSS), alone or combined with monensin (MON) could decrease the production of H 2 S by rumen microbes. In Exp. 1, two 24-h batch culture incubations were conducted using a substrate consisting of 50% corn, 40% distillers grains, 9.75% hay, and 0.25% mineral premix, on a DM basis. Five treatments including BSS concentrations of 0% (control), 0.5%, 1%, 2%, and 4% of DM were assigned in 5 replicates to 120-mL serum bottles containing rumen fluid, buffer, and 0.5 g of dietary substrate. Addition of 2% and 4% BSS decreased (P < 0.05) gas production, whereas all concentrations of BSS reduced (P < 0.05) H 2 S production by 18%, 24%, 82%, and 99% for 0.5%, 1%, 2%, and 4% BSS, respectively. Final pH increased (P < 0.05) with 2% and 4% BSS treatments. At 4% of DM, BSS decreased (P < 0.05) total VFA concentration (mM) and propionate (mol/100 mol) but increased acetate (mol/100 mol) and acetate to propionate ratio. Concentration of branched-chain VFA increased (P < 0.05) with the addition of 0.5% BSS, compared with the control. On the basis of these results, addition of BSS (1% of DM) and MON (5 mg/kg) were used to assess their effects on metabolism and H 2 S release by rumen microbes in 8 dual flow continuous culture fermenters during two 10-d periods (Exp. 2). Treatments were arranged in a 2 × 2 factorial design. Substrate similar to that used in Exp. 1 was provided at 75 g DM/fermenter daily. Headspace H 2 S concentration was reduced (P < 0.05) by 99% with BSS treatment but was not affected (P = 0.21) by MON. An overall increase (P < 0.05) in fermentation pH was found following addition of BSS. Addition of BSS increased (P < 0.05) digestion of NDF and ADF but decreased (P < 0.05) nonfiber carbohydrate digestion and total VFA concentration. Acetate and propionate (mol/100 mol) increased (P < 0.05) with BSS, whereas butyrate (mol/100 mol) and branched-chain VFA (mM) decreased (P < 0.05). Addition of BSS increased (P < 0.05) NH 3 -N concentration and NH 3 -N outflow but decreased (P < 0.05) microbial N outflow. Results from this study showed no response to monensin addition, but BSS markedly reduced H 2 S production and altered microbial fermentation during in vitro rumen fluid incubations.
INTRODUCTION
In ruminants, elevated dietary S is associated with a reduction in DMI (Drouillard et al., 2009) , negative effects on feedlot performance and carcass characteristics (Loneragan et al., 2001) , and sulfur-associated polioencephalomalacia (PEM; Gould, 1998) . Although PEM has been extensively documented in feedlot animals (Gould et al., 1997; Vasconcelos and Galyean, 2008) , the disease has also been observed in lactating dairy cows (Kul et al., 2006) and sheep (Rousseaux et al., 1991) . Gould et al. (1991 Gould et al. ( , 1997 ) demonstrated a positive association between elevated ruminal hydrogen sulfide concentrations and the onset of PEM signs in steers. Reduction of dietary S by rumen microbes is the principle source of H 2 S in anaerobic fermentations (Cummings et al., 1995) . Distillers grains can contain significant amounts of S (Crawford, 2007; Schingoethe et al., 2009 ) and have been associated with PEM (NRC, 2001) . Use of feed additives to modulate H 2 S production has been tested with conflicting results in short-term rumen fluid incubations. Kung et al. (2000) reported an increase in H 2 S concentration following addition of monensin, but no effect of monensin and other ionophores on H 2 S was reported by Quinn et al. (2009) . In humans, H 2 S has been associated with pathogenesis of ulcerative colitis (Rowan et al., 2009) , and many cationic compounds have shown the ability to reduce in vitro H 2 S concentrations (Mitsui et al., 2003) . Among them, bismuth subsalicylate (BSS) seems promising because it can markedly reduce H 2 S concentrations without disrupting the fecal flora (Suarez et al., 1998) . However, there has not been any study to explore the effect of BSS on rumen fermentation. The objective of the present study was to determine the effect of different concentrations of BSS on H 2 S production and rumen fermentation in batch cultures and to evaluate effects of BSS in association with monensin (MON) on H 2 S release in continuous culture fermentations.
MATERIAL AND METHODS
A ruminally cannulated mature cow (Montbeliarde × [Jersey × Holstein]) in early lactation served as the rumen fluid donor in 2 experiments. Approval from the Institutional Animal Care and Use Committee from the University of Minnesota (IACUC number 0706A09602) was obtained before commencement of this study. Experiments were conducted in accordance with the principles and specific guidelines used for Care and Use of Animals in Agriculture Research. The cow was provided with a diet formulated to meet or exceed the NRC requirements of a Holstein cow producing 40 kg milk/d, with 3.8% fat and 3.7% protein (NRC, 2001) . Diet ingredient composition for the donor cow was 32.7% corn silage; 19.8% ground corn; 16.1% alfalfa hay; 7.5% whole cottonseed; 3.7% each of soybean meal, soybean hulls, canola meal, heat-treated soybean meal, and mineral and vitamin supplement; 2.8% dried distillers grains; and 2.6% molasses on a DM basis.
The present study was divided into 2 experiments. The first experiment consisted of a short-term batch culture incubation where the effect of different concentrations of BSS (ranging from 0% to 4% of substrate DM) on rumen fermentation was evaluated. In the second experiment, a single concentration of BSS selected from the first experiment was used to assess its effects on rumen fermentation when combined with monensin. The second experiment was conducted utilizing dual-flow continuous culture fermenters.
Experiment 1: Diet, Treatments, and Analytical Procedures
A basal diet (Table 1) was enriched with BSS (Sigma-Aldrich Corp., St. Louis, MO) to attain dietary treatments with a final concentration of 0% (control), 0.5%, 1%, 2%, and 4% of BSS as dietary DM. All ingredients were ground to pass a 2-mm screen on a Wiley Mill (Arthur H. Thomas Co., Philadelphia, PA). Artificial saliva (pH = 8.25) was prepared according to Weller and Pilgrim (1974) except for the replacement of MgSO 4 with MgCl 2 to ensure that any potential formation was derived from dietary S instead of artificially enhanced salivary S. Final composition of artificial saliva was 5.0 g/L of NaHCO 3 , 1.76 g/L of Na2HPO 4 , 1.6 g/L of KHCO 3 , 0.6 g/L of KCl, 0.05 g/L of MgCl 2 , and 0.4 g/L of urea to simulate recycled N. Batch culture incubations were conducted with 5 replicates per treatment during 2 consecutive 24-h periods. At the beginning of the incubation, rumen fluid was manually obtained from the cranial-dorsal, cranial-ventral, caudal-dorsal, and caudal-ventral sacs of the donor animal, strained through 4 layers of surgical gauze, and transported to the laboratory in a preheated sealed thermos. A 2:1 artificial saliva:rumen fluid mix was prepared under continuous CO 2 gassing at 39.1°C, and 50 mL of the mix were anaerobically transferred to 125-mL serum bottles containing 0.5 g of DM of the dietary treatments. After purging with CO 2 , bottles were capped with butyl stoppers, crimp-sealed with aluminum caps, and placed in an incubation bath at 39.1°C with continuous shaking at 40 oscillations/min. At 5, 10, and 24 h, the volume of gas produced was measured by water displacement in an inverted burette as described by Kung et al. (2000) . Gas sampling intervals were chosen to alleviate pressure buildup in bottles to minimize negative effects on fermentation (Theodorou et al., 1994) . At the same sampling times, a 3-mL aliquot of gas equilibrated with atmospheric pressure was transferred from the headspace of the bottles using a gas-tight syringe (Supelco, Bellefonte, PA) into a 10-mL Vacutainer tube (Tyco, Mansfield, PA) containing 5 mL of alkaline deionized water (pH = 8.5) for analysis. After 24 h, bottles were removed from incubation bath and decapped. The pH was immediately recorded (Orion 710 pH meter Thermo, Beverly, MA), and aliquots of incubation fluid were mixed (5:1 ratio) with 25% m-phosphoric acid (wt/vol) or 9 M sulfuric acid for VFA and NH 3 -N analysis, respectively.
Experiment 2: Diets and Treatments
A basal diet (Table 1) was formulated and enriched with BSS (Sigma-Aldrich Corp.) to attain dietary treatments with a final concentration of 0% (control) or 1% of BSS on a DM basis. All ingredients of the basal diet were ground through a 2-mm screen on a Wiley Mill (Arthur H. Thomas Co., Philadelphia, PA), and resulting diets were pelleted with a CL-5 California Pellet mill (California Pellet Mill Co., Crawfordsville, IN) to a final dimension of 6 mm diam. × 12 mm long. Monensin sodium was purchased from Sigma-Aldrich Corp. A stock solution was prepared by dissolving 100 mg of MON in 2.5 mL of ethanol and stored at −20°C (Harford et al., 1983 ) for further use as described below.
Continuous Culture Operation
Eight dual-flow continuous culture fermenters, described by Hannah et al. (1986) with a modified pH control and measuring system, were randomly assigned to a 2 × 2 factorial arrangement of treatments during 2 consecutive 10-d periods. At the beginning of each experimental period, rumen fluid was collected from the same donor as described for Exp. 1, except that a pump (Welch model B2585-50; Welch, Niles, IL) with a hose and a 1-mm stainless-steel filter was used. Rumen fluid was collected into a preheated sealed thermos, transported to the laboratory, and inoculated into the fermenters within 30 min after collection. Two levels of BSS (0% and 1% of DM) were added to the basal diet (Table 1) , and 2 concentrations of MON (0 and 5 mg/kg) were continuously infused into the fermentation vessels via the artificial saliva. Vessels that received MON at 0 mg/kg were provided with the same amount of ethanol as fermenters receiving MON at 5 mg/kg. On d 1 of each experimental period, 2 fermenters were randomly assigned to each of the treatments. Fermenters were provided with 75 g of DM/d of the pelleted diet divided in 8 equal portions by an automated feeding system. Each portion was provided during a 90-min period beginning at 0300, 0600, 0900, 1200, 1800, 2100, and 2400 h daily. Liquid flow rate of fermenters was set at 8.2%/h by regulating artificial saliva input, whereas solids dilution rate was set at 4.1%/h by regulating liquid output through filters. Artificial saliva composition was similar to that in Exp. 1. Individual pH was recorded every 5 min by an electronic data acquisition system (DASYLab, Measurement Computing Corp., Norton, MA) and was maintained between 5.1 and 5.8 by automated addition of either 5 M NaOH or 3 M HCl. The rationale for the chosen pH range was based on the dissociation constants of . At ruminal pH of 6.8, the proportion of :HS − is 48.6:51.4, and this ratio increases to 97.2:2.8 when ruminal pH decreases to 5.2 (Kung et al., 2000) . Anaerobic conditions were maintained by continuous infusion of N 2 at a rate of 20 mL/ min throughout the experiment. Fermenter temperatures were maintained at 39.1°C ± 0.1°C by electrical heaters.
Sample Collection
After a 7-d adaptation period, fermenter effluents were maintained at 1°C in a water bath to retard microbial and enzymatic activities. During 3 consecutive days, fermenter effluents were homogenized, and 3 separate 500-mL aliquots were removed daily and composited by fermenter. Composite effluent samples were analyzed for total N, NH 3 -N, and VFA. Freezedried composite samples were analyzed for DM, OM, NDF, ADF, ash, and purines. On the same days, the feed port and solid outflow port of the fermenters were sealed 30 min before the 0900 h feeding. An open port was connected to a water trap using a 1.6-mm diameter polypropylene tube to allow venting of excess pressure and equilibration with atmospheric pressure in the fermentation flasks. Nitrogen flow was adjusted to maintain 20 ± 0.1 mL/min using a digital flow meter (Aalborg GFM 17, Orangeburg, NY). After 10 min of stabilization, a gas sample (5 mL) from the headspace of the fermenters was taken through a septum using a gas-tight syringe (Supelco) and transferred into a 10-mL Vacutainer tube (Tyco) containing 5 mL of alkaline deionized water (pH = 8.5) for analysis. Hourly production of was estimated by multiplying concentration times N 2 flow for each fermenter as previously described by Johnson et al. (2009) .
Chemical Analyses
Dry matter content of diets, outflows, and microbial pellets was determined by drying in an oven at 105°C for 24 h. Ash was determined by weight difference after 24 h of combustion at 550°C (AOAC, 1984; method 967.04) . At the end of each experimental period, contents from each fermenter were strained through 2 layers of cheesecloth and centrifuged at 1,000 × g at 4°C for 10 min to remove feed particles, and the supernatant was centrifuged at 20,000 × g at 4°C for 20 min to isolate bacterial cells. Bacterial pellets were resuspended in distilled water, frozen, and lyophilized. Purine concentrations were determined by the method of Zinn and Owens (1986) . Purine content of effluent and bacteria was used to partition flow of effluent N into microbial and dietary N. Total N in the effluent, bacteria, and diet was determined (AOAC, 1984; method 984.13) . Ammonia N was determined by steam distillation (Bremner and Keeney, 1965 ) using a 2300 Kjeltec Analyzer Unit (Foss Tecator AB, Höganäs, Sweden). Sequential detergent fiber analyses (Van Soest, 2015) were used to determine NDF and ADF concentrations of the diet and effluents. Effluent VFA concentrations were determined by capillary GLC analysis. Incubation fluid was solvent extracted using ethyl acetate (3:7 ratio) during 10 min under continuous vortex. Samples were centrifuged at 5,000 × g at 4°C for 5 min, and supernatant was stored at −20°C until analyzed. Analysis was performed using a HewlettPackard 5890 GLC (Hewlett-Packard, Palo Alto, CA) equipped with a Stabilwax-DA capillary column (30 m × 0.25 mm i.d., 0.25 µm film thickness, Restek, CA). Chromatographic conditions were as follows: helium, 1.7 mL/min; initial oven temperature, 110°C, held for 2.1 min, ramped at 25°C/min to 200°C, held for 1.5 min; injector temperature, 200°C; flame ionization detector temperature, 220°C; split injection (split ratio: 1/10); injection volume, 1 μL. Ethyl butyrate was included as an internal standard. Hydrogen sulfide was analyzed as described by Siegel (1965) , after adding 0.5 mL of 4.7 mM 4-amino-N,N-dimethylaniline sulfate and 0.5 mL of 98.9 mM ferric chloride to the Vacutainers. Absorbance was read at 665-nm wavelength on a Gilford Response spectrophotometer (Gilford Instrument Laboratories Inc., Oberlin, OH).
Statistical Analysis
Data from Exp. 1 were analyzed as a randomized complete block design by ANOVA with Bonferroni correction. The BSS concentration was considered a fixed effect, and the period (block) was included as a random effect. Data from Exp. 2 were analyzed as a 2 × 2 factorial arrangement of treatments in a randomized complete block (period) design. Data for H 2 S production and fermentation pH (obtained on 3 consecutive days) were analyzed as repeated measures with an autoregressive of order 1 structure of covariance on the basis of the minimum values of Akaike's information criterion. Lowest and highest hourly recorded pH were used for minimum and maximum pH comparison between treatments. Time (min) spent below pH 5.2, between pH 5.2 and 5.6, and above pH 5.6 was calculated using the trapezoidal integration method. Data processing was conducted using the statistical software R (R Development Core Team, 2005) . Differences were considered significant at P ≤ 0.05, and tendencies are discussed at 0.05 < P ≤ 0.1. 2 Standard error of the main effect means; n = 5 replicates per treatment.
3 Total gas production after 24 h of incubation.
RESULTS

Experiment 1
The effect of BSS on total gas and H 2 S production is shown in Table 2 . Addition of 0.5% or 1% BSS did not affect (P < 0.05) total gas production. Compared with the control, a 12% and 25% reduction (P < 0.05) in total gas production was obtained when adding BSS at 2% and 4% of DM, respectively. All concentrations of BSS reduced (P < 0.05) H 2 S production, with a decrease of 18%, 34%, 82%, and 99.7% for 0.5%, 1%, 2%, and 4% BSS of DM, respectively.
Addition of BSS up to 2% of DM had no effect (P = 0.19) on total VFA concentrations (Table 2) , but a 15% reduction (P < 0.05) was observed when BSS was added at 4% of DM compared with the control. Although the molar proportion of acetate remained unchanged by adding BSS up to 2% of DM, an increase (P < 0.05) was detected when BSS was added at 4% of DM. Molar proportion of propionate increased (P < 0.05) following the addition of BSS up to 2% of DM, but a decrease (P < 0.05) was noted when BSS was added at 4% of DM. The acetate to propionate (A:P) ratio decreased (P < 0.05) following addition of BSS at 0.5%, 1%, and 2% of DM, whereas both 0% and 4% BSS resulted in higher A:P ratios at 2.43 and 2.60, respectively. Compared with the control, addition of BSS at 0.5%, 1%, and 2% of DM resulted in a reduction (P < 0.05) of butyrate molar proportion of 5%, 7.5%, and 10%, respectively. However, no differences (P = 0.82) were found in butyrate molar proportion between control and BSS added at 4% of the DM. Branched-chain VFA concentration was maximized (P < 0.05) by 0.5% BSS compared with the control, but further addition of BSS resulted in decreasing concentrations (P < 0.05). Addition of BSS did not affect (P = 0.23) isobutyrate proportion, averaging 2.70 mol/100 mol across treatments. Absence of BSS resulted in lower (P < 0.05) molar proportion of valerate compared with the other treatments.
Effects of BSS on final pH and NH 3 -N concentration are presented in Table 2 . Final pH of incubations was not affected (P = 0.86) by addition of 0.5% or 1% BSS compared with the control. However, an increase (P < 0.05) in final pH of 0.06 unit was obtained with addition of 2% BSS. Further addition of BSS (4% of DM) resulted in a larger increase (P < 0.05) in final pH (0.23 unit) compared with the control. Addition of 0.5% BSS resulted in an 8% reduction (P < 0.05) in NH 3 -N compared with 0% BSS, but no changes were obtained when higher levels of BSS were supplemented.
In summary of Exp. 1, addition of BSS at 1% of DM to short-term rumen fluid incubations did not affect final pH, NH 3 -N concentration, VFA concentration, or total gas production. Only minor changes in VFA molar proportions were observed, but a 34% reduction in H 2 S production was found. On the basis of these findings, addition of 1% of BSS on a DM basis was chosen as the concentration to use in Exp. 2 using dual-flow continuous culture fermenters. Table 3 shows the effect of BSS and MON on OM, NDF, ADF, and nonfiber carbohydrate (NFC) digestion. An interaction (P < 0.05) between treatments was found for apparent and true OM digestion. In the absence of BSS, MON showed a trend (P < 0.1) to increase apparent OM digestion, without affecting (P = 0.23) true OM digestion. Conversely, when 1% BSS was added to the fermentation substrate, apparent and true OM digestion decreased (P < 0.05) by 9.9% and 10.6%, respectively, following infusion of 5 mg/ kg MON. No differences (P = 0.20) in NFC digestion were obtained with addition of MON, but NFC digestion was 7% lower (P < 0.05) when BSS was added at 1% of DM. In contrast, although MON elicited a trend (P < 0.1) to decrease NDF and ADF digestion, an increase (P < 0.05) in NDF and ADF digestion was found following the addition of BSS. Table 4 shows the effect of MON and BSS on H 2 S production and estimated H 2 S flow from continuous culture fermenters. Addition of MON did not affect (P = 0.21) H 2 S concentration in the headspace of fermenters or H 2 S outflow. Addition of BSS caused a 98.7% reduction (P < 0.05) in H 2 S concentration and estimated H 2 S outflow from fermenters.
Experiment 2
Effects of MON and BSS on VFA concentrations and molar proportions are also presented in Table 4 . Addition of BSS resulted in a 30% decrease (P < 0.05) in total VFA concentration. However, molar proportions of acetate and propionate increased (P < 0.05) with BSS at a rate of 13% and 9%, respectively, without affecting (P = 0.30) the A:P ratio. In contrast, addition of BSS resulted in a pronounced decrease (P < 0.05) in molar proportions of butyrate and caproate, with a magnitude of approximately 55%. Molar proportions of valerate, isobutyrate, and isovalerate + 2-methylbutyrate were not affected (P = 0.24) by BSS or MON. Concurrent with lower total VFA concentration, without changes in molar proportions of isobutyrate and isovalerate + 2-methylbutyrate, addition of BSS resulted in a lower (P < 0.05) branched-chain VFA concentration. Unlike observations with BSS, addition of MON did not affect (P = 0.13) total VFA concentration or molar proportion of individual VFA.
Effect of treatments on N metabolism is also shown in Table 4 . Addition of BSS resulted in a 7-fold increase (P < 0.05) in NH 3 -N concentration (mg/dL) in fermentation vessels, with a concomitant increase (P < 0.05) in daily flow of NH 3 -N. A decrease (P < 0.05) in microbial-N flow of 22% was found following the addition of BSS, without a treatment effect (P = 0.39) on dietary N outflow. Similarly, CP degradation and efficiency of microbial protein synthesis were not affected (P = 0.21) by addition of BSS or MON, averaging 54% and 35.7 g N/kg of OM truly digested, respectively.
Effects of MON and BSS on fermentation pH are shown in Table 5 . Addition of MON only resulted in a trend (P < 0.1) to decrease the percentage of time spent by vessels at pH in the range of 5.2 to 5.6, without affecting (P = 0.55) the mean, minimum, and maximum pH of fermentations. In contrast, addition of BSS increased (P < 0.05) mean, minimum, and maximum pH of fermentations by 0.18 pH units. As a consequence of these changes, percentage of time spent by fermenters at pH ranging from 5.2 to 5.6 decreased (P < 0.05) with a subsequent increase (P < 0.05) in percentage of time spent by fermenters at pH above 5.6. Similar to MON, addition of BSS did not affect (P = 0.63) the percentage of time spent by fermenters at pH below 5.2.
DISCUSSION
Decreases in H 2 S production in Exp. 1 and 2 are in agreement with previous studies (Furne et al., 2000; Mitsui et al., 2003) showing the effectiveness of BSS to decrease H 2 S in human and rat fecal homogenates. Suarez et al. (1998) reported a 96-fold reduction in H 2 S production at 2, 4, and 24 h following the addition of BSS at 2.6 mM without changes in release of dimethyl sulfide, H 2 , CH 4 , and CO 2 . However, no reduction in H 2 S was obtained when BSS was added at 0.026 mM. Using the volume and dilution rate of fermenters, it can be calculated that the addition of 1% BSS on a DM basis represents a BSS concentration of 312.5 mg/L of fermenter content per day. Similar to the present study, a 96% reduction in colonic H 2 S formation was found by Suarez et al. (1998) when humans received 400 mg BSS orally. Assuming a colonic volume of 1.2 L (Camilleri, 2004) , this dose represents 334 mg BSS/L of colonic content, similar to the current concentration.
According to Suarez et al. (1998) , bismuth subsalicylate has the ability to bind the sulfide ion forming insoluble bismuth sulfide according to the following reaction: 2 Bi 3+ + 3 H 2 S ↔ Bi 2 S 3 + 6 H +.
However, although the addition of 1% of BSS (DM basis) attained a reduction of 34% H 2 S production during Exp. 1, a 98.7% reduction was found in Exp. 2, using the same concentration of BSS. It is hypothesized that differences in fermentation pH attained during Exp. 1 and 2 can have an impact on sequestration of S − by or antimicrobial activity of BSS, as previously suggested (Sox and Olson, 1989) .
The addition of BSS increased NDF and ADF digestion, together with a marked decrease in NFC digestion. These combined effects may be responsible for the decrease in true OM digestion. Improvement in fiber digestion may be associated with an increase in mean, minimum, and maximum pH of fermentations because of lower total VFA concentration together with higher concentrations of NH 3 -N because BSS is virtually insoluble in aqueous solutions, having no effect per se on pH (Lee, 1991) .
According to Hoover (1986) , reduction in pH can have a major impact on fiber digestion in vivo and in vitro. Consistent with the present results, Yang et al. (2002) found a 4-fold increase in NDF and ADF digestion when the pH of continuous culture fermenters was artificially increased from 5.5 to 6.0, confirming previous evidence of changes in fiber digestion associated with variations in rumen pH (Mould et al., 1983; Russell and Wilson, 1996) .
As a consequence of the increase in fiber digestion, the addition of BSS resulted in greater molar proportions of acetate and propionate with a decrease in butyrate, without affecting the A:P ratio. As previously mentioned, there is no available information regarding the effects of BSS on rumen microbes. However, LeonBarua et al. (1990) found a 74% decrease in fermentation activity of human colonic bacteria when BSS was added to lactose-enriched stool homogenates. A similar reduction was found by Suarez et al. (1998) using rat fecal homogenates. Interestingly, no differences in H 2 , CH 4 , and CO 2 released per gram of incubated substrate were found by the authors, suggesting an overall depression in fermentation, rather than a decrease in fermentation of any specific compound in the feces. 5 Computed as repeated measures with 1 observation/h during 3 consecutive days. 6 As percentage of total time, comprising 72 h of data collection.
Several changes in N metabolism were induced by BSS, but results were inconsistent between Exp. 1 and 2. Although only minor changes in NH 3 -N concentration were obtained in Exp. 1, a large accumulation of NH 3 -N was observed in Exp. 2, which can be explained by a decrease in N utilization, resulting in a lower microbial N flow from the fermenters without affecting dietary N outflow. Similar variations were previously associated when lower utilization of dietary N occurred (Stern et al., 1978; Bach et al., 2007) and are probably related to the antimicrobial properties of BSS (Manhart, 1990; Dupont, 2008) .
Similar to the current study, Manhart (1990) reported lower total VFA concentration, together with higher NH 3 -N concentration, following the addition of BSS, because of inhibition of diarrhea-causing bacteria in vitro.
Results from this study showed no response to monensin addition; however, BSS markedly reduced H 2 S production and altered microbial fermentation during in vitro rumen fluid incubations. In the future, dose-titration studies will be required to determine the optimal concentration of BSS capable of reducing H 2 S without negatively affecting ruminal and postruminal metabolism. Although there is potential for a bismuth-induced S deficiency, because Bi 2 S 3 salts can dissolve at pH 3 (Zhao et al., 2004) , S can potentially be available during its transit through the abomasum. It should be noted that feed grade BSS is currently unavailable in the animal industry. Future studies should focus on the economic feasibility of BSS addition to diets for ruminants.
